1. Introduction
===============

The microenvironments in healthy tissues are strictly regulated and closely correlated with the physiological state of the cell. However, in tumor tissues, the regulation is disrupted with abnormal features such as low pH values, hypoxia and high lactate levels.[@cit1] Among the unique features of the tumor microenvironment, the redox status is a prominent and important parameter, since it could determine the response of a tumor to both radiation and chemotherapies.[@cit2],[@cit3] For instance, the substantial presence of intracellular glutathione (GSH) would significantly decrease the effective production of reactive oxygen species (ROS) and weaken the therapeutic effect.[@cit4] However hypoxia, another hallmark property of solid tumors,[@cit5] which is related to metastatic progression and highly detrimental to disease theranostics,[@cit6]--[@cit8] leads to the hypoxia-associated resistance of the tumor tissues and significantly limits the therapeutic efficiency.[@cit9] Therefore, designing a tumor microenvironment responsive multifunctional nanomaterial which could reflect the redox status and even modulate the microenvironment shows promising potential to not only realize specific cancer treatment, but also greatly enhance the therapeutic effect.

In recent years, efforts have been devoted to the development of nanomaterials as therapeutic agents which took effect in response to the tumor environment, especially acidic pH and intracellular redox potential.[@cit10]--[@cit15] Plenty of nanostructures, including micelles, nanogels, macromolecular conjugates, nano-sized nucleic acid complexes and metallic nanoparticles have been constructed for controlled cancer treatment.[@cit16]--[@cit20] Among the various nanoagents, MnO~2~ nanostructures have attracted substantial attention as a unique type of H^+^ and GSH-responsive mediator for drug release and redox imaging.[@cit21]--[@cit23] It has been found that MnO~2~ could be decomposed in cancer cells, generating Mn^2+^ ions that are able to significantly enhance magnetic resonance imaging (MRI) contrast for tumor status imaging.[@cit24] Meanwhile, the harmless water-soluble Mn^2+^ ions can be rapidly excreted by kidneys with no long-term toxicity concerns for *in vivo* applications.[@cit25] However, as the tumor cells proliferated rapidly, the hypoxia environment is still one of the critical obstacles for both chemotherapy and radiotherapy. To pursue better therapeutic effect, the photothermal therapy (PTT), with inherent merits -- minimal invasiveness, increased treatment accuracy, and reduced damage to normal tissues has been applied in synergistic treatment of tumors.[@cit26]--[@cit30] As mild hyperthermia generated by PTT *via* absorbing light in the near infrared region (NIR) can accelerate the blood flow in solid tumors, it could improve the oxygenation level and alleviate the hypoxia-associated therapeutic resistance.[@cit31],[@cit32] The synergistic chemotherapy/PTT approach can conquer the hypoxia-associated resistance existing in tumor issues and enhance the therapeutic efficacy in a synergistic manner.[@cit33] However concomitant noninvasive imaging techniques, including photothermal imaging, fluorescence imaging (FI) and MRI, facilitated monitoring the therapeutic process, especially chemotherapeutic progress in real time, which was beneficial for guiding cancer treatment more efficiently.[@cit34]--[@cit37] Although pioneering studies have been reported on the synergistic treatment and noninvasive imaging, it is still challenging and critical to develop a highly efficient nano-scale theranostic system with multiple functions in one nanoagent.

Herein, we have designed and fabricated a theranostic nanoagent (SiO~2~\@Au\@MnO~2~--DOX/Apt) *via* a photothermal nanomaterial,SiO~2~\@gold shell, coupled with a two-dimensional (2D) MnO~2~ nanosheet as a carrier for the chemotherapeutic drug, doxorubicin hydrochloride (DOX). The nanoagent could be triggered by the inherent redox features of the tumors, and attack the hypoxic solid tumors without damaging normal tissues. As systematically illustrated in [Scheme 1](#sch1){ref-type="fig"}, after the aptamer modified nanoagent recognized and entered the specific tumor cell, the MnO~2~ nanosheet was rapidly reduced by overexpressed GSH in the cytoplasm, producing a large amount of free Mn^2+^ ions for MRI, as well as releasing DOX and inducing the recovery of fluorescence. Meanwhile, under NIR irradiation, the retained SiO~2~\@gold shell structure accelerated the blood flow in the solid tumor, which alleviated the hypoxic microenvironment and improved the photothermal treatment. The proposed nanoagent integrated synergistic chemo-photothermal therapy with multiple imaging techniques (photothermal imaging/FI/MRI) into a single platform, providing an all-in-one solution. During the *in vivo* study, the formulated nanoagent was monitored to be accumulating in the tumor after tail vein injection into HeLa tumor-bearing mice, which greatly inhibited the growth of the tumor with no damage or inflammatory lesion in major organs. On the basis of its high therapeutic efficiency and noninvasive multiple monitoring modes, this multifunctional redox-activated nanoagent holds great potential in the precise treatment of cancer.

![Schematic illustration of the synthetic process, *in situ* imaging and the therapeutic mechanism of the nanoagent SiO~2~\@Au\@MnO~2~--DOX/Apt.](c8sc02446d-s1){#sch1}

2. Results and discussion
=========================

Characterization of SiO~2~\@Au\@MnO~2~ NPs
------------------------------------------

The synthesis procedure of SiO~2~\@Au\@MnO~2~ core--shell nanoparticles is illustrated in [Scheme 1](#sch1){ref-type="fig"}. Firstly, the core SiO~2~--NH~2~ nanoparticles were synthesized by a reported Stöber method.[@cit38] Transmission electron microscopy (TEM) images revealed that the synthesized SiO~2~--NH~2~ was smooth and spherical with a uniform diameter of ∼110 nm ([Fig. 1a](#fig1){ref-type="fig"}). Secondly, the interlayer gold shell as an efficient photothermal nanomaterial grew on the SiO~2~ core *via* a seed-growth procedure in two steps.[@cit39] On reduction using sodium borohydride, small Au nanoparticles with a diameter of ∼5 nm were generated on the surface of the SiO~2~--NH~2~ nanospheres ([Fig. 1b](#fig1){ref-type="fig"}). Then, on subsequent reduction using hydroxylammonium chloride, a gold nanoshell was formed at the outside of SiO~2~, which exhibited a nearly spherical morphology with a large diameter of ∼180 nm ([Fig. 1c](#fig1){ref-type="fig"}). Thirdly, the outer layer MnO~2~ nanosheet as both a fluorescence quencher and a drug carrier is coated on SiO~2~\@gold shell *via* electrostatic interaction.[@cit23] As concepts described, TEM observations showed rough surface MnO~2~ nanomaterials as the outer layer around SiO~2~\@gold shell, and the MnO~2~ layer was clearly observed in the high-resolution TEM (HRTEM) image ([Fig. 1d](#fig1){ref-type="fig"}). Elemental distribution mappings by high-angle annular dark-field scanning TEM (HAADF-STEM) and energy dispersive spectroscopy (EDS) were performed to further investigate the core--shell structure. As shown in [Fig. 1e--h](#fig1){ref-type="fig"}, elemental distribution mappings of Au, Mn and O elements validated the coexistence of the nanomaterials and the core--shell nanostructure. The EDS also demonstrated the coexistence of the Si, Au, Mn and O elements and further illustrated the successful fabrication of SiO~2~\@Au\@MnO~2~. The layer by layer coating process was also verified by zeta potential analysis and UV-vis-NIR absorbance measurements (Fig. S1a and b[†](#fn1){ref-type="fn"}). During the synthetic process, the zeta potential (*ζ*) showed a positive potential of approximately 6.1 mV for the core SiO~2~--NH~2~, and a negative potential of --11.3 mV for SiO~2~\@gold shell. After formation of MnO~2~ nanosheets, it was negatively shifted to --17.6 mV. UV-vis-NIR spectra of both SiO~2~\@gold shell and SiO~2~\@Au\@MnO~2~ NPs exhibited pronounced absorption in the NIR range, revealing that these nanoparticles have the properties which make it an excellent candidate for PTT while combating malignant tumors.

![(a)--(d) TEM of SiO~2~--NH~2~, SiO~2~\@gold seed, SiO~2~\@gold shell and SiO~2~\@Au\@MnO~2~. Inset: the HR-TEM of SiO~2~\@Au\@MnO~2~. (e)--(g) The corresponding elemental mappings of SiO~2~\@Au\@MnO~2~ (e) Au, (f) Mn, (g) O, (h) the energy dispersive spectrum of SiO~2~\@Au\@MnO~2~. Scale bar: 200 nm.](c8sc02446d-f1){#fig1}

Photothermal properties of the theranostic nanoagent
----------------------------------------------------

The photothermal properties of SiO~2~\@gold shell were tested with an 808 nm continuous-wave laser *via* an IR thermographic system. A significant photothermal effect for the nanomaterials with obvious temperature increase depending on concentration was observed (Fig. S2a[†](#fn1){ref-type="fn"}). Meanwhile, cycle heating experiments also verified that SiO~2~\@gold shell has excellent photothermal stability (Fig. S2b and c[†](#fn1){ref-type="fn"}). The temperature elevation analysis also revealed that the coating of the MnO~2~ nanosheet exhibited no negative effect on the photothermal properties of the theranostic nanoagent (Fig. S3[†](#fn1){ref-type="fn"}). The photothermal heating curves and thermal imaging of the intact theranostic nanoagent SiO~2~\@Au\@MnO~2~--DOX/Apt illustrated that the temperature of PBS and cell culture medium (DMEM) containing the nanoagent was sharply increased from 25 °C to 50 °C while the temperature of pure PBS or DMEM solution only increased by about ∼3 °C under the same laser irradiation conditions ([Fig. 2a and b](#fig2){ref-type="fig"}). Moreover, the cycle heating experiments proved the photothermal stability of the core--shell structure after five heating and cooling cycles ([Fig. 2c and d](#fig2){ref-type="fig"}), proving the proposed nanostructure to be an effective photothermal nanoagent.

![(a), (b) Temperature--time curves of different solutions under exposure to the 808 nm laser (2 W cm^--2^) and thermal images of different solutions before (top) and after (bottom) NIR irradiation. (c) The irradiation cycle experiment of SiO~2~\@Au\@MnO~2~--DOX/Apt, every cycle was composed of 5 min irradiation followed by a 5 min cooling phase. (d) Thermal images of the irradiation cycle experiment.](c8sc02446d-f2){#fig2}

Redox-responsive drug release *in vitro*
----------------------------------------

For the purpose of investigating the loading capacity of MnO~2~ nanosheets and redox activated drug release, a fluorescent chemotherapy drug doxorubicin hydrochloride (DOX) was chosen as a model. Both the zeta potential analysis and UV-vis absorbance measurements were performed to substantiate the loading process. The zeta potential in the loading process changed from --17.6 mM to 6.73 mV, and a strong DOX characteristic absorption peak at 492 nm appeared (Fig. S4a and b[†](#fn1){ref-type="fn"}), demonstrating that the drug DOX was successfully loaded on the surface of nanosheets MnO~2~*via* electrostatic interaction. Additionally, the outcomes of UV-vis absorbance measurement further indicated that a DOX loading efficiency[@cit40] of 89.5% on SiO~2~\@Au\@MnO~2~ nanomaterials could be achieved (Fig. S5[†](#fn1){ref-type="fn"}). GSH, with an elevated intracellular level in the tumor,[@cit41],[@cit42] served as the redox stimulus. The drug release process was monitored in real time *via* FI/MRI dual-modal imaging and quantified using UV-vis absorbance measurements. As shown in [Fig. 3a](#fig3){ref-type="fig"}, the SiO~2~\@Au\@MnO~2~--DOX/Apt nanoagent showed good stability and less than 10% drug leaked from the nanoagent even over a period of 72 h (black curve). On the contrary, when a low concentration of stimulus GSH was added, the release percent sharply increased to 43% within 5 h, reached *ca.* 50% at 24 h and then a plateau of release percent was achieved after this reaction point (red curve). Furthermore, a higher concentration stimulus would lead to much more significant release and almost 90% entrapped drug could be released when the concentration of GSH increases up to 10 mM (blue curve). The outcomes demonstrated that the facilely constructed nanoagent has potential capacities of preventing anticancer drugs from randomly leaking, while triggering drug targeted release by the redox reaction between MnO~2~ and GSH molecules, which could achieve maximum therapeutic efficacy and minimum side effects.

![(a) DOX released from the SiO~2~\@Au\@MnO~2~--DOX/Apt nanoagent with time at different concentrations of GSH. Corresponding fluorescence imaging (b) and T1-MRI (c) of PBS (i), nanoagent (ii) and nanoagent after incubation with GSH (iii), respectively.](c8sc02446d-f3){#fig3}

Subsequently, we performed the fluorescence imaging and MRI imaging of the SiO~2~\@Au\@MnO~2~--DOX/Apt nanoagent during the GSH-responsive drug release process *in vitro*. The fluorescence data showed that there was a significant fluorescence activation representing the released drug DOX ([Fig. 3b](#fig3){ref-type="fig"}), which was attributed to the quencher MnO~2~ being reduced by GSH, and decomposed into Mn^2+^ ions. Free Mn^2+^ ions, involving a change in the number of unpaired electrons with the d^5^ electron configuration, have very low absorption band intensities without the quenching ability of manganese oxide.[@cit43] Meanwhile, the GSH-mediated reduction of MnO~2~ to paramagnetic Mn^2+^ ions has led to a significantly strong T1-MRI signal enhancement, demonstrating the capability of the nanoagent to offer T1 contrast in MRI ([Fig. 3c](#fig3){ref-type="fig"}). All the results indicated that the entrapped anti-cancer drug release process can result in a concomitant fluorescence signal and T1-MRI signal change, which simultaneously incorporated sensitivity offered by fluorescence imaging with high spatial resolution offered by T1-MRI for the capability of monitoring in real time during *in vivo* tumor therapy.

Chemotherapy and photothermal therapy *in vitro*
------------------------------------------------

Before observing the therapeutic effect of SiO~2~\@Au\@MnO~2~--DOX/Apt nanoparticles in cancer cells, we investigated the target efficiency and specificity of the nanoagent with aptamer AS1411 modified on the outer layer MnO~2~. During the transfection process, target cells-human cervical carcinoma cells (HeLa cells) and normal cells-mouse embryonic fibroblast cells (NIH-3T3 cells)[@cit44] were incubated with nanomaterials for a period of time, and then washed with PBS solution, and imaged by confocal laser scanning microscopy (CLSM) immediately. An obvious fluorescence signal emitted from DOX, which was loaded in the nanoagent and released *via* the redox reaction, was observed in HeLa cells ([Fig. 4a, i](#fig4){ref-type="fig"}), confirming that a vast amount of nanoparticles could be ingested by the cells. Compared with the malignant cells, almost no fluorescence of DOX could be observed in the normal cells under the same conditions ([Fig. 4a, ii](#fig4){ref-type="fig"}). In order to further prove the target specificity of the nanoagent, HeLa cells were incubated with SiO~2~\@Au\@MnO~2~--DOX without modification with AS1411 under the same conditions. As shown in [Fig. 4a](#fig4){ref-type="fig"}, faint fluorescence of DOX was observed in HeLa cells, revealing that few SiO~2~\@Au\@MnO~2~--DOX nanomaterials could be internalized by the cells without aptamer AS1411. These results revealed that by the specific recognition of aptamer AS1411 to nucleolin, which is overexpressed in many malignancies while tightly controlled in normal human tissues,[@cit45] the nanoagent exclusively entered the target tumor cells, whereas few nonspecific agents were taken up by normal cells, which can achieve maximum therapeutic efficacy and minimum side effects in tumor treatments. The cell viability assay further confirmed that both the SiO~2~\@gold shell--Apt and SiO~2~\@Au\@MnO~2~--Apt nanomaterials exhibited excellent biocompatibility, and over 90% of the HeLa cells survived after 48 h of incubation with 100 μg mL^--1^ nanoparticles (Fig. S6[†](#fn1){ref-type="fn"}).

![(a) The CLSM images of HeLa cells and NIH-3T3 cells treated under different conditions, the conditions from top to bottom represent: HeLa cells (i) and NIH-3T3 cells (ii) incubated with the intact nanoagent SiO~2~\@Au\@MnO~2~--DOX/Apt; (iii) HeLa cells incubated with nanomaterials without aptamer modification, SiO~2~\@Au\@MnO~2~--DOX. (b) The CLSM images of HeLa cells incubated with the theranostic nanoagent and observed at different time points. The curves represented the distribution of DOX (red lines) and Hoechst 33342 (blue lines) in HeLa cells. (c), (d) The photothermal images (c) and CLSM images (d) of HeLa cells incubated with culture medium as a control group and the theranostic nanoagent as a test group, (--) no NIR irradiation, (+) NIR irradiation. (e) Cell viability of HeLa cells after different treatments. Group (i) control; group (ii) only NIR irradiation; group (iii) SiO~2~\@gold shell--Apt; group (iv) SiO~2~\@gold shell--Apt with NIR irradiation (PTT); group (v) pure DOX; group (vi) SiO~2~\@Au\@MnO~2~--DOX/Apt (chemotherapy); group (vii) SiO~2~\@Au\@MnO~2~--DOX/Apt with NIR irradiation (chemotherapy/PTT). All scale bars are 75 μm.](c8sc02446d-f4){#fig4}

To investigate the performance of the smart theranostic nanoagent for chemotherapy in living cells, HeLa cells were firstly incubated with this nanoagent, then exchanged to fresh media and observed by CLSM at the different time points. As illustrated in [Fig. 4b](#fig4){ref-type="fig"}, the cell nuclei were stained with Hoechst 33342, which specifically bound to the minor groove of double-stranded DNA and highlighted the region as blue fluorescence. With prolonged reaction time it was observed that the gradually increased red fluorescence signal of drug DOX, escaped from the drug delivery system *via* the redox reaction between the loaded layer MnO~2~ and internal stimulus GSH. At approximately 24 h, much brighter red fluorescence was observed, showing that the more loaded layer of MnO~2~ was reduced by GSH, and decomposed into Mn^2+^ ions and more entrapped drug was released along with time. Meanwhile, red fluorescent signals emitted from released DOX demonstrated a high-level co-localization with the blue fluorescence from cell nuclei (formation of purple spots, [Fig. 4b](#fig4){ref-type="fig"}), which was attributed to DOX which has the peculiarity of inserting into the double-helix of DNA to damage DNA, and then tended to accumulate in the cell nuclei with prolonged time.

Next, the photothermal therapy efficacy of the theranostic nanoagent was investigated in malignant cancer cells. In the experiments, HeLa cells were divided into two sets, one as the control set cultured under regular conditions supplied with complete cell culture medium, while the other as the test set incubated with the SiO~2~\@Au\@MnO~2~--DOX/Apt nanoagent for 3 h, and then washed with fresh cell medium. Following these processes, two sets of cells were irradiated with the 808 nm laser at 2.0 W cm^--2^ for 5 min, respectively. As presented in [Fig. 4c](#fig4){ref-type="fig"}, an obviously bright thermal image was observed, indicating higher temperature of the test set cells than that of the control set. Meanwhile, these results were verified by the staining experiments with an AM/PI fluorescent dye, in which AM stained living cells with a green fluorescent signal and PI stained dead cells with a red signal.[@cit46] As illustrated in [Fig. 4d](#fig4){ref-type="fig"}, after being irradiated with an NIR 808 nm laser just a bright green fluorescence signal was observed in the control set cells (the left image, i). In contrast, in the test set cells only an intense red fluorescence signal representing the dead status was observed. The results implied that the theranostic nanoagent for photothermal therapy can accelerate cancer cell death by absorbing light and converting photon energy into heat to fight cancer cells.

To evaluate the efficacy of combined chemo-photothermal therapy, quantitative analysis of cell viability was carried out after treating the malignant tumor cells under different conditions. As shown in [Fig. 4e](#fig4){ref-type="fig"}, cells treated with the laser alone (group ii) exhibited comparable high cell viability to the control (group i), meaning NIR irradiation caused negligible injury to cultured cells. In photothermal treatment, SiO~2~\@gold shell--Apt subjected to NIR laser irradiation for 5 min (group iv) showed higher lethality than the group without light irradiation treatment (group iii). In chemotherapy, the theranostic nanoagent treatment (group vi) exhibited a better anticancer effect than free DOX (group v), which was attributed to the targeted delivery of the nanoagent and *in situ* drug release induced by endogenous GSH. Importantly, the combinational chemo-photothermal therapy group, which was incubated with the nanoagent and irradiated with NIR light (group vii), exhibited the highest cell mortality in contrast to the chemotherapy and PTT alone. All the results about the therapeutic effects proved that the theranostic nanoagent possessed a higher potency to destroy malignant tumor cells and achieved the synergistic effect in combating the tumor, thereby reducing drug dose and mitigating the side effect.

Enhanced antitumor effect of SiO~2~\@Au\@MnO~2~--DOX/Apt NPs *in vivo*
----------------------------------------------------------------------

Encouraged by the outstanding synergistic chemotherapy/PTT effect *in vitro*, the synergetic antitumor capacity of the SiO~2~\@Au\@MnO~2~--DOX/Apt theranostic nanoagent was further validated with a xenograft HeLa tumor-bearing nude mouse model. All the mice treated under different conditions were divided into four groups when the tumor size reached about 100 mm^3^, group one: injected with PBS (control group), group two: injected with SiO~2~\@gold shell--Apt with NIR irradiation (PTT), group three: injected with theranostic nanoagent (chemotherapy), group four: injected with nanoagent with NIR irradiation (PTT combined with chemotherapy). The photothermal performance *in vivo* was verified *via* an IR thermographic system. The control group and the test group (the fourth group) were irradiated with 808 nm laser irradiation with a power density of 2.0 W cm^--2^ for 5 min, and then the temperature of the tumor was recorded. As illustrated in [Fig. 5a](#fig5){ref-type="fig"}, the temperature of the tumor in the nanoagent injected mice promptly increased up to ∼50 °C after irradiation, which was high enough to kill cancer cells and inhibit the tumor growth while the temperature of tumor in the control group increased slightly up to 35 °C under the same irradiation conditions. T1-MRI-guided treatment using the theranostic nanoagent for combating tumors was investigated. Specifically, MRI monitoring of mice before and after the theranostic nanoagent injection was performed using a 1.0-T animal MRI scanner. A clearer enhanced contrast signal in the tumor than that of the control group was observed ([Fig. 5b](#fig5){ref-type="fig"}), uncovering that the high targeting and accumulation of the nanoagent in the tumor site and the T1-MR imaging capacity of the internal stimulus GSH induced chemotherapy.

![(a) *In vivo* photothermal images of the control group with PBS injection and the experimental group with the nanoagent injection for 24 h. (--) no NIR irradiation, (+) NIR irradiation. (b) *In vivo* T1-weighted MR images of the mice taken before (left) and 24 h post injection (right) of the nanoagent, the red circles highlight the solid tumor. (c) Micrographs of tumor slices with cell nuclei and hypoxia areas stained with DAPI (blue) and hypoxia-probe (green), control group: injected with PBS (i), test group: injected with SiO~2~\@Au\@MnO~2~--DOX/Apt with NIR irradiation (ii). Scale bar: 75 μm. (d) The mice weight change curves of different groups of mice after various treatments are indicated (four mice per group).](c8sc02446d-f5){#fig5}

Subsequently, a hypoxia-probe (pimonidazole) immunofluorescence staining assay was performed to evaluate the capability of the theranostic nanoagent in alleviating the tumor hypoxic microenvironment *in vivo*. Cell nuclei and hypoxia areas were stained with DAPI (blue) and antipimonidazole antibody (green), respectively.[@cit33] The control group, treated with PBS solution and without NIR irradiation, displayed intense immunofluorescence with hypoxic characteristics (pimonidazole-stained hypoxia, green). In contrast, for the group treated with the nanoagent and irradiation, an obviously reduced green immunofluorescence signal in tumor slices was observed ([Fig. 5c](#fig5){ref-type="fig"}), suggesting that the tumor hypoxic microenvironment was relieved in the experiment group, which was likely attributed to the fact that the nanoagent with photothermal therapy can accelerate the blood flow in the solid tumor, which then resulted in improving the oxygenation level and alleviating hypoxia conditions.

Finally, the therapeutic effects were investigated by monitoring the changes of relative tumor volumes, which was recorded every 3 days during 18 days treatment. Without any treatment, the tumor growth of the PBS injected mice (control group) was extremely quick ([Fig. 5d](#fig5){ref-type="fig"}). The second group with PTT treatment alone exhibited a moderate tumor-growth inhibition effect, resulting in a smaller tumor volume compared with that of the control group. Meanwhile, the chemotherapy in the third group showed a comparable or slightly better tumor-inhibition effect than that of the second group, with only 62.9% tumor volume of the control group. The most effective result in suppressing tumor growth was achieved in the fourth group under combined chemotherapy/PTT. Tumor volumes of mice in this group gradually decreased and only 7.25% tumor volume of the control group remained at the end of the treatment. Therefore, a significant synergistic effect of combinational chemo-photothermal therapy in the theranostic nanoagent SiO~2~\@Au\@MnO~2~--DOX/Apt for combating the solid tumor was validated *in vivo*.

Toxicity *in vivo*
------------------

As potential toxicity of the theranostic nanoagent is a very crucial issue in biological studies and therapeutic applications the bodyweight of the mice, as an important parameter to evaluate the systemic toxicity of the material, was measured during the experimental period. No significant difference in the weight changes among these groups was observed within 18 days (Fig. S7[†](#fn1){ref-type="fn"}). Furthermore, histological analysis of the major organs was carried out to study the cytotoxicity of the theranostic nanoagent *in vivo*. Images of hematoxylin and eosin (H&E) stained organ slices, including heart, liver, spleen, lung, and kidney, revealed that no significant tissue damage and adverse effect to these organs could be observed in both the control group and nanoagent treated test groups ([Fig. 6](#fig6){ref-type="fig"}). All results revealed that the facilely synthesized core--shell theranostic nanoagent showed excellent biocompatibility and significant promise in practical applications.

![H&E stain of major organs from different treatment groups: group one (i) injected with PBS, group two (ii) injected with SiO~2~\@gold shell--Apt with NIR irradiation, group three (iii) injected with SiO~2~\@Au\@MnO~2~--DOX/Apt, and group four (iv) injected with SiO~2~\@Au\@MnO~2~--DOX/Apt with NIR irradiation. All scale bars are 50 μm.](c8sc02446d-f6){#fig6}

3. Conclusion
=============

In this study, we successfully developed a multifunctional tumor redox microenvironment-activated theranostic nanoagent based on the core SiO~2~ coating with a gold shell as the photothermal nanomaterial and MnO~2~ nanosheets as chemotherapeutic carriers. This nanocomposite achieved high photothermal therapeutic efficacy, overcoming the tumor hypoxic microenvironment and alleviating the side influence of hypoxia on cancer therapy. The nanoagent interacted with GSH to release the drug and Mn^2+^ simultaneously, enhancing the chemotherapy efficiency. Meanwhile, the synergistic therapy was successfully monitored with thermal, fluorescence imaging and MRI owing to the absorption of NIR light, the decomposed MnO~2~ and the presence of Mn^2+^. Modification of aptamer AS1411 on the nanoparticles also significantly enhanced the targeting ability and accumulation in both the cell monolayer *in vitro* and the solid tumor *in vivo*. Furthermore, the newly formulated SiO~2~\@Au\@MnO~2~--DOX/Apt nanoagent achieved excellent tumor growth inhibition effect in the HeLa-tumor bearing nude mouse model, owing to the improvement of the tumor microenvironment and the synergistic effect of combinational chemotherapy/PTT. With excellent biocompatibility and high therapeutic efficacy, the new tumor-targeted theranostic nanoagent has significantl scientific value and opens new avenues for next generation imaging-guided multi-mode cancer treatment.

4. Experimental
===============

Synthesis of aminated silica nanoparticles (SiO~2~--NH~2~)
----------------------------------------------------------

14 mL of ethanol and 2 mL of water were mixed for 5 min. Then, 0.6 mL of TEOS was added to the mixture and stirred for 30 min. Subsequently, ammonium hydroxide (0.3 mL) was added and the mixture was stirred for 2 h. After that, SiO~2~ nanoparticles were acquired by centrifugation and rinsed. Then, the above product SiO~2~ was firstly dispersed in 20 mL of ethanol, and the aminated reagent APTES (200 μL, 98%) was added to the solution. Subsequently, the mixture was heated to reflux and maintained for 12 h to form aminated silica nanoparticles. Finally, the product was centrifuged and washed with ethanol and water and stored at 4 °C before use.

Gold seed formation on SiO~2~--NH~2~ nanoparticles (SiO~2~\@gold seed)
----------------------------------------------------------------------

Typically, 0.5 mL of aminated silica colloid (0.5 mg mL^--1^) was sonicated and then mixed with 20 mL of HAuCl~4~ (0.25 mM). After that, fresh sodium citrate (0.1 mL, 0.2 M) and NaBH~4~ (1 mL, 0.01 M) were sequentially added to the mixture at 4 °C and kept stirring for 6 min to obtain SiO~2~\@gold seed. The product was centrifuged and washed with water three times and dispersed in 10 mL of water at 4 °C before use.

Gold shell growth on aminated silica nanoparticles (SiO~2~\@gold shell)
-----------------------------------------------------------------------

0.5 mL of the obtained SiO~2~\@gold seed nanomaterials (0.2 mg mL^--1^) was mixed with HAuCl~4~ (5 mL, 0.25 mM). Then, fresh sodium citrate (0.2 mL, 0.2 M) and fresh NH~2~OH·HCl (39 μL, 0.04 M) were sequentially added to the mixture and kept stirring for 10 min. After that, the product named SiO~2~\@gold shell was centrifuged carefully, dispersed in water and kept at 4 °C for further use.

Synthesis of SiO~2~\@Au\@MnO~2~ nanomaterials
---------------------------------------------

The SiO~2~\@Au\@MnO~2~ nanomaterials were prepared according to a previously reported method[@cit23] with some modification. SiO~2~\@gold shell was firstly mixed with 1% PVP and stirred overnight; then the above mixture (100 μL, 1 mg mL^--1^) was transferred to a 1.5 mL centrifuge tube. 200 μL of MES (0.1 M) and 100 μL of KMnO~4~ (5 mM) were added to the centrifuge tube. After sonication for 30 min, the above-mentioned mixture turned brown, and the final product (SiO~2~\@Au\@MnO~2~) was carefully collected by centrifugation, rinsed with water three times and re-dispersed in water for further use.

Drug loading process
--------------------

0.5 mL of DOX (0.5 mg mL^--1^) was mixed with 0.5 mL of SiO~2~\@Au\@MnO~2~ (1 mg mL^--1^) and kept stirring in the dark for 24 h. After that, the mixture was centrifuged and washed with water, and then the pellet (SiO~2~\@Au\@MnO~2~--DOX) was carefully collected, re-dispersed in PBS buffer and stored at 4 °C before use. The loading efficiency of SiO~2~\@Au\@MnO~2~ was quantified using UV-vis spectroscopy measurements (480 nm). The amount of DOX loaded onto the nanocomposite was calculated as follows: the actual amount of the drug loaded in nanoparticles (*M*~0~ -- *M*)/the amount of the drug initially added (*M*~0~) × 100% (*M*: the supernatant amount of DOX, *M*~0~: the initial amount of DOX).

Assembling the aptamer on SiO~2~\@Au\@MnO~2~--DOX nanomaterials (SiO~2~\@Au\@MnO~2~--DOX/Apt)
---------------------------------------------------------------------------------------------

In order to assemble the nanostructure with aptamer AS1411, 0.1 mL of NH~2~--aptamer (5 mM) was mixed with the nanocomposite (0.2 mL, 1 mg mL^--1^) and kept stirring for 30 min, and then 0.7 mL of HEPES buffer (20 mM, pH 7.2, containing 150 mM NaCl and 2 mM MgCl~2~) was added to the above mixture under stirring for 4 min at room temperature. Finally, the sample was centrifuged and re-dispersed in PBS buffer (pH 7.4). Besides, the nanoagent (termed SiO~2~\@gold shell--Apt) used in PTT alone was modified with the thiolated aptamer and synthesized by the above procedure just without MnO~2~ coating and the drug loading process.

Cell culture and MTT assay
--------------------------

HeLa cells were incubated in high-glucose DMEM supplemented with 10% FBS, 100 IU mL^--1^ penicillin and 100 IU mL^--1^ streptomycin at 37 °C in a 5% CO~2~--95% air incubator MCO-15AC (Sanyo, Tokyo, Japan). HeLa cells were digested and 1 × 10^4^ cells were seeded into 96-well plates for 24 h at 37 °C. Then, different concentrations of nanomaterials (0 μg mL^--1^, 20 μg mL^--1^, 40 μg mL^--1^, 60 μg mL^--1^, 100 μg mL^--1^) were added to wells and incubated with cells for 3 h, respectively. After that, the cells were washed with PBS and incubated in fresh medium for an additional 24 h and 48 h, respectively. Subsequently, the cell culture medium was discarded and the cells were rinsed three times. Then, 100 μL MTT solution (0.5 mg mL^--1^, PBS) was added to each well and allowed to stand for 4 h at 37 °C. After that, the MTT solution was discarded and 100 μL DMSO was added to each well and shaken for 5 min. Finally, the absorption intensity at 540 nm of each well was recorded.

Confocal laser scanning microscopy imaging
------------------------------------------

HeLa cells were digested and incubated in confocal cell dishes overnight. Then, the cells were incubated with the nanocomposite (60 μg mL^--1^) for 3 h and then cultured for another 12 h and 24 h, respectively. After that, the cells were washed three times and then incubated with Hoechst 33342 for 20 min. Finally, confocal laser scanning microscopy (CLSM) images of HeLa cells were acquired after washing with PBS three times.

*In vivo* antitumor effect analysis
-----------------------------------

Nude mice were bought from model animal research center of Nanjing University and the HeLa-tumor bearing nude mice were established by subcutaneous injection of HeLa cells (1 × 10^6^). Then, the HeLa-tumor bearing nude mice were divided into four groups (*n* = 4 each group) with various conditions by tail vein injection: PBS injection as the control group, SiO~2~\@gold shell--Apt with NIR irradiation (PTT alone), SiO~2~\@Au\@MnO~2~--DOX/Apt (chemotherapy alone), and SiO~2~\@Au\@MnO~2~--DOX/Apt with NIR irradiation (chemotherapy/PTT). The interval time of tail vein injection for PBS or nanomaterials was three days. The NIR irradiation was performed 24 h after injection of nanomaterials with an 808 nm laser for 5 min at 2 W cm^--2^. The tumor volumes and body weights of mice were recorded every three days. The tumor volume was calculated according to the equation: volume = 1/2(tumor width)^2^ × (tumor length). The photothermal images and MR images were acquired by the related instruments. All animal operations were in accordance with institutional animal use and care regulations approved by the Model Animal Research Center of Nanjing University (MARC).

Immunofluorescence of tumor hypoxia
-----------------------------------

The mice were injected with PBS or the nanoagent and then exposed to 808 nm laser irradiation (2 W cm^--2^) for 5 min. Then, the mice were intravenously injected with pimonidazole hydrochloride (60 mg kg^--1^). 30 min later, the mice were sacrificed and the tumors were surgically excised, formalin fixed, then embedded in paraffin. In order to detect pimonidazole, the tissue sections were incubated with mouse FITC-conjugated anti-pimonidazole antibody and rabbit anti-FITC rabbit secondary antibody (dilution 1 : 100) according to the kit\'s instructions. Cell nuclei were stained with DAPI (dilution 1 : 5000). The images were captured with a confocal microscope (Leica SP5).

Histology analysis
------------------

After 18 days, the tissues (liver, heart, spleen, kidney and lung) were obtained from the sacrificed mice in different experimental groups, and then were fixed in 10% neutral buffered formalin. After that, these tissues were embedded in paraffin, sectioned (4 μm thick), and stained with hematoxylin and eosin (H&E). Finally, an optical microscope was used to detect the histological sections.

Statistical analysis
--------------------

The statistical analysis was implemented with statistical software SPSS (version 24.0) *via* Student\'s *t* test. Values of \**P* \< 0.05 were considered to be significant, and values of \*\**P* \< 0.001 were considered to be highly significant.
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